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Pathogenicity determinantingle-stranded (ss) RNA virus belonging to the genus Tenuivirus. RSV is present in
many East Asian countries and causes severe diseases in rice ﬁelds, especially in China. In this study, we
analyzed six proteins encoded by the virus for their abilities to suppress RNA silencing in plant using a green
ﬂuorescent protein (GFP)-based transient expression assay. Our results indicate that NS3 encoded by RSV
RNA3, but not other ﬁve RSV encoded proteins, can strongly suppress local GFP silencing in agroinﬁltrated
Nicotiana benthamiana leaves. NS3 can reverse the GFP silencing, it can also prevent long distance spread
of silencing signals which have been reported to be necessary for inducing systemic silencing in host plants.
The NS3 protein can signiﬁcantly reduce the levels of small interfering RNAs (siRNAs) in silencing cells, and
was found to bind 21-nucleotide ss-siRNA, siRNA duplex and long ssRNA but not long double-stranded (ds)-
RNA. Both N and C terminal of the NS3 protein are critical for silencing suppression, and mutation of the
putative nuclear localization signal decreases its local silencing suppression efﬁciency and blocks its systemic
silencing suppression. The NS3-GFP fusion protein and NS3 were shown to accumulate predominantly in
nuclei of onion, tobacco and rice cells through transient expression assay or immunocytochemistry and
electron microscopy. In addition, transgenic rice and tobacco plants expressing the NS3 did not show any
apparent alteration in plant growth and morphology, although NS3 was proven to be a pathogenicity
determinant in the PVX heterogenous system. Taken together, our results demonstrate that RSV NS3 is a
suppressor of RNA silencing in planta, possibly through sequestering siRNA molecules generated in cells that
are undergoing gene silencing.
© 2009 Elsevier Inc. All rights reserved.IntroductionPost transcriptional gene silencing (PTGS) is a sequence-speciﬁc
RNA degradation process that leads to the knock down of the targeted
RNA, and consequently the loss of the function(s) displayed by the
speciﬁc protein(s). PTGS was thought to be initiated by double-
stranded RNA (dsRNA) molecules (Fire et al., 1998). The dsRNA
accumulated in cells is then processed, by an RNase III-like enzyme
named Dicer, into 21- to 24-nucleotide RNA duplexes known as the
small interfering RNAs (siRNAs) (Bernstein et al., 2001; Grishok et al.,
2001; Knight and Bass, 2001; Voinnet, 2005; Lakatos et al., 2006; Ding
and Voinnet, 2007). Subsequently, siRNAs serve as guides for cleavage
of RNA molecules in a sequence speciﬁc manner (Hammond et al.,
2000; Zamore, 2001; Carmell et al., 2002; Li and Ding, 2006; Ruiz-
Ferrer and Voinnet, 2007). Along with the active role of RNA silencing
in antiviral defense responses, plant viruses have evolved counter-
acting functions including encoding proteins that are capable of
suppressing the RNA silencing process (Voinnet, 2001). Many virally-ll rights reserved.encoded RNA silencing suppressors have been reported to be diverse
in their amino acid compositions and protein structures and different
virally-encoded silencing suppressors were shown to target at distinct
silencing stages during the PTGS process (Brigneti et al., 1998;
Kasschau and Carrington, 1998; Voinnet et al., 1999; Meister and
Tuschl, 2004; Lakatos et al., 2006). For example, the p19 protein of
tomato bushy stunt virus (TBSV) and p21 of beet yellows virus (BYV)
were reported to target RNA silencing through sequestrating siRNA
molecules (Silhavy et al., 2002; Vargason et al., 2003; Chapman et al.,
2004; Dunoyer et al., 2004; Lakatos et al., 2006), while the B2 protein
of Flock House virus (FHV) binds to dsRNAs to inhibit production of
siRNA in cells and Pns10 of rice dwarf virus (RDV) targets an upstream
step of dsRNA formation in the RNA silencing pathway (Chao et al.,
2005; Lu et al., 2005; Cao et al., 2005).
Rice stripe virus (RSV) is the type member of the genus Tenuivirus.
The virus was ﬁrst reported in Japan in 1975 (Koganezawa, 1975) and
is currently present inmany East Asian countries, including China. RSV
has been reported to cause severe disease in rice ﬁelds in China in
recent years (Wang et al., 2004). RSV is a single stranded RNA virus
and contains four RNA segments. Genome of RSV consists of seven
open reading frames (ORFs). The complementary sense of RNA1
contains a single ORF that encodes a protein of 337 kDa. Analysis of
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may function as an RNA-dependent RNA polymerase (RdRP) (Tor-
iyama et al., 1994). RNAs 2, 3 and 4 are all ambisense, and each of
which contains two ORFs, one ORF locates at the 5′ half of the sense
viral RNA (vRNA) and the other ORF at the 5′ half of the viral
complementary RNA (vcRNA). RNA2 encodes two proteins, NS2
(22.8 kDa) from the vRNA and NSvc2 (94 kDa) from the vcRNA.
RNA3 encodes NS3 (23.9 kDa) from the vRNA and a nucleocapsid
protein (35 kDa) from the vcRNA. RNA4 encodes a major non-
structural SP protein (20.5 kDa) from the vRNA and NSvc4 (32 kDa)
from the vcRNA (Kakutani et al., 1990, 1991; Zhu et al., 1991, 1992;
Takahashi et al., 1993), and NSvc4 had been proved as a movement
protein (Xiong et al., 2008). Except the RdRp like 337 kDa protein and
NSvc4 protein, function(s) of the other RSV encoded proteins are yet
to be determined. The NS3 of rice hoja blanca tenuivirus (RHBV),
another member of the genus Tenuivirus, has been identiﬁed as a
suppressor of RNA silencing (Bucher et al., 2003). In this paper, we
present evidence that the NS3 of RSV can suppress both local and
systemic RNA silencing in plant. We also show that the NS3 of RSV can
bind both ss siRNA and siRNA duplex, and block the systemic spread of
silencing signals. NS3 of RSV was found to accumulate predominantly
in nuclei of plant cells. Interestingly, stable expression of NS3 protein
in transgenic Oryza sativa japonica, Nicotiana benthamiana, and N.
tabacum plants did not induce any change in plant growth and
morphology although expression of NS3 enhanced potato virus X
(PVX) pathogenicity in N. benthamiana plants.
Results
Identiﬁcation of RSV NS3 as an RNA silencing suppressor
To determine which RSV encoded proteins can suppress RNA
silencing in plant cells, we constructed six plasmids expressing six RSV
proteins (i.e. 35 S-NS2, 35 S-NSvc2, 35 S-NS3, 35 S-CP, 35 S-SP and 35
S-NSvc4). Each of the six plasmids was co-introduced with a plasmid
carrying 35S-GFP segment into leaves of 16c transgenic N. benthami-
ana plants through an Agrobacterium-mediated inﬁltration procedure
as previously described (Bucher et al., 2003). Transgenic N. benthami-Fig. 1. Suppression of local GFP silencing in 16c N. benthamiana leaves by RSV NS3 protein.
different plasmids indicated below the images. The leaves were examined under a hand-held
(dpi). 35S-NS3Δ is an untranslatable mutant of NS3 in which the second codon AAC was rep
35S-GFP and pBin438 were used, respectively, as positive and negative controls. (B) Northern
Western blot analysis of GFP protein accumulation in the co-agroinﬁltrated leaves at 3 and 6
the leaves co-agroinﬁltrated with 35S-GFP and pBin438. Lanes 2 and 6 were from the leave
agroinﬁltrated with 35S-GFP and 35S-NS3Δ. Lanes 4 and 8were from the leaves co-agroinﬁltr
by ethidium bromide staining.ana plants co-inﬁltrated with an Agrobacterium harboring 35S-GFP
and an Agrobacterium harboring either an empty vector or a vector
containing 35S-HC-Pro were used as negative and positive controls in
this study. Suppression of GFP silencing in agroinﬁltrated N.
benthamiana plants was monitored at various days post inﬁltration
(dpi). Results of this study show that by 2 to 3 dpi, strong GFP
expression signal was observed in leaves co-inﬁltrated with the
Agrobacterium carrying 35S-GFP and Agrobacterium carrying the
empty vector. Similar results were also seen in leaves co-inﬁltrated
with the Agrobacterium carrying 35S-GFP and Agrobacterium carrying
individual RSV genes (data not shown). By 6 to 7 dpi, however, strong
green ﬂuorescence was only seen in leaves co-inﬁltrated with the
Agrobacterium carrying 35S-GFP and Agrobacterium carrying either
35S-NS3 or 35S-HC-Pro construct (Fig. 1A). Green GFP ﬂuorescence in
leaves co-inﬁltrated with the Agrobacterium carrying 35S-GFP and
Agrobacterium carrying either the empty vector or 35S-NS3Δ declined
signiﬁcantly and became almost undetected by 6 dpi (Fig. 1A).
Northern blot analysis revealed that the steady-state levels of GFP
mRNA were signiﬁcantly higher in leaves co-inﬁltrated with the
Agrobacterium carrying 35S-GFP and 35S-NS3 or 35S-GFP and 35S-HC-
Pro than that co-inﬁltrated with the Agrobacterium carrying 35S-GFP
and the empty vector or 35S-GFP and 35S-NS3Δ at both 3 and 6 dpi
(Fig. 1B). Further analysis of siRNA indicated that by 3 dpi, GFP siRNAs
of ∼21 nt and ∼24 nt long had accumulated to high levels in leaves co-
inﬁltrated with the Agrobacterium carrying 35S-GFP and the empty
vector. The levels of GFP-speciﬁc siRNAs remained high in these
tissues till 6 dpi (Fig. 1B). Similar results were also seen in leaves co-
inﬁltrated with the Agrobacterium carrying 35S-GFP and 35S-NS3Δ. In
contrast, the GFP-speciﬁc siRNAs levels were remarkably low in leaves
co-inﬁltrated with the Agrobacterium carrying 35S-GFP and 35S-NS3
or 35S-GFP and 35S-HC-Pro (Fig. 1B). Western blot analyses indicated
that at 3 dpi the accumulation of GFP protein in leaves inﬁltrated with
various constructs was similar (Fig. 1B). By 6 dpi, however, leaves that
showed lower amount of GFP mRNA transcripts had signiﬁcantly less
amount of GFP protein. Decreased green GFP ﬂuorescence as well as
GFP mRNA transcripts and protein levels were also observed in leaves
co-inﬁltrated with the Agrobacterium carrying 35S-GFP and either of
the other ﬁve plasmids (i.e. 35S-NS2, 35S-NSvc2, 35S-CP, 35S-SP andLeaves presented in panel A were co-agroinﬁltrated with 35S-GFP and one of the four
UV light and photographed with a Nikon 5000 digital camera at 6 days post-inﬁltration
laced with a stop codon TAG. Leaves co-agroinﬁltrated with 35S-GFP and 35S-HC-Pro or
blot assays of GFP mRNA or GFP siRNA extracted from the co-agroinﬁltrated leaves and
dpi. Lane N represents non-transgenic N. benthamiana leaves. Lanes 1 and 5 were from
s co-agroinﬁltrated with 35S-GFP and 35S-NS3. Lanes 3 and 7 were from the leaves co-
atedwith 35S-GFP and 35S-HC-Pro. Loadings of individual RNA samples were estimated
Fig. 2. Suppression of GFP silencing in N. benthamiana leaves by RSV NS3 protein. (A) Diagram of plasmids used in this experiment. Empty vector was used as a control for the study.
35S-GFP represent a plasmid carrying an entire GFP coding sequence, whereas the 35S-dsGFP represent a plasmid containing a portion of antisense GFP (PF) and a sense GFP
sequences. All plasmids have a 35S promoter (arrow) and a terminator (solid black dot). Leaves of N. benthamiana were agroinﬁltrated with 35S-GFP and two of the other ﬁve
plasmids [i.e. empty vector (V), 35S-dsGFP (dsGFP), 35S-NS3 (NS3), 35S-HC-Pro (HC-Pro) or 35S-p19 (p19)]. The agroinﬁltrated N. benthamiana plants were examined for GFP
silencing suppression at 3 days post-inﬁltration (dpi) under a hand-held long wavelength UV illuminator (B) and under a confocal microscopy (C). (D) Northern blot assays of GFP
siRNA extracted from agroinﬁltrated N. benthamiana plants in panel B at 3 and 6 dpi. (E) Reversion of GFP silencing by RSV NS3. GFP expression was restored in the newly emerging
tissue of GFP-silenced N. benthamiana (line 16c) infected with PVX-NS3 at 20 dpi after systemic PVX infection had been established (right) while silencing reversion was not
observed in GFP-silenced N. benthamiana (16c) infected with PVX (left).
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Table 1
Suppression of systemic GFP silencing by RSV NS3 in 16c transgenic N. benthamiana
plants at various days post agroinﬁltration (dpi)
Treatments Expression vectors 10 dpi 20 dpi 30 dpi 40 dpi
I 35S-GFP+vectora 0/20d 6/20 15/20 18/20
II 35S-GFP+35S-NS3a 0/21 0/21 2/21 3/21
III 35S-GFP+35S-NS3Δa 0/14 3/14 10/14 11/14
IV 35S-GFP+35S-HC-Proa 0/15 0/15 2/15 2/15
V 35S-GFP+35S-NS3/3Aa 0/20 7/20 14/20 15/20
VI 35S-NS3 (B)+35S-GFP (T)b 0/16 0/16 0/16 1/16
VII 35S-NS3 (T)+35S-GFP (B)b 1/8 7/8 8/8 8/8
VIII Vector (B)+35S-GFP (T)b 3/10 8/10 10/10 10/10
IX 35S-NS3 (U)+35S-GFP (L)c 0/16 0/16 0/16 0/16
X 35S-NS3 (L)+35S-GFP (U)c 2/8 7/8 8/8 8/8
XI Vector (U)+35S-GFP (L)c 0/13 5/13 9/13 12/13
a Agroinﬁltration was conducted at the lower leaves of the test plants.
b Agroinﬁltration was conducted at the base (B) or tip (T) part of the lower leaves.
c Agroinﬁltration was conducted at the upper young (U) or lower expended (L)
leaves.
d Number of plants showing systemic GFP silencing/total number of agroinﬁltrated
plants.
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similar levels upon agroinﬁltration (data not shown). These results
demonstrate that RSV NS3, but not NS2, NSvc2, CP, NSvc4 and SP, is
capable of suppressing gene silencing in N. benthamiana cells.
To further demonstrate that NS3 is a suppressor of RNA silencing,
we conducted experiments using non-transgenic N. benthamiana and
an Agrobacterium-mediated transient expression assay described
previously (Johansen and Carrington, 2001). In these experiments N.
benthamiana plants were co-inﬁltrated with the Agrobacterium
harboring 35S-GFP and 35S-dsGFP (Fig. 2A) and a third Agrobacter-
ium carrying either an empty vector, 35S-NS3, 35S-HC-Pro or 35S-p19.
The co-inﬁltrated leaves were examined at 3 dpi for GFP silencing
under a hand-held UV light or under a confocal microscope. By 3 dpi,
the green GFP ﬂuorescence was clearly diminished in the leaves co-
inﬁltrated with the Agrobacterium carrying 35S-GFP, 35S-dsGFP and
the empty vector. However when leaves were co-inﬁltrated with the
Agrobacterium carrying 35S-GFP and 35S-dsGFP together with 35S-
NS3 or 35S-p19, the silencing of green GFP ﬂuorescence in these leaves
was strongly inhibited. Green GFP ﬂuorescence in these co-inﬁltrated
tissues remained as strong as that seen in leaves co-inﬁltrated with
the Agrobacterium carrying 35S-GFP and the empty vector (Figs. 2B,
C). In this study, HC-Pro from tobacco etch virus (TEV) also showed
suppression of GFP silencing in co-inﬁltrated N. benthamiana leaves,Fig. 3. Suppression of GFP silencing signal spread by RSV NS3 protein. Transgenic 16c N. b
inﬁltration was conducted at different locations of a same leaf, or at different leaves of a sam
silencing and photographed with a Nikon 5000 digital camera at 15 days post inﬁltration (B).
(L) and upper (U) leaves of the same plant, respectively.but its suppression activity was weaker than that exhibited by the RSV
NS3 and Cymbidium ringspot virus (CymRSV) p19 genes. Analysis of
siRNA accumulation by 3 and 6 dpi conﬁrmed that 35S-p19 has better
silencing suppression effect than 35S-NS3 and 35S-NS3 had better
silencing suppression effect than 35S-HC-Pro (Fig. 2D). These data
again indicate that RSV NS3 protein has a strong bona ﬁde RNA
silencing suppressor activity in plant cells.
RSV NS3 can reverse the GFP silencing
To determine the ability of the NS3 protein to reverse the GFP
silencing, we utilized a PVX vector (pGR107) to express NS3 (PVX-
NS3). Agroinoculation assays were performed with the PVX-NS3 after
16c seedlings were induced for GFP transgene silencing. By 15 dpi,
green ﬂuorescence could be observed in newly emerging leaves of
GFP-silenced plants agroinoculated with PVX-NS3. In contrast, the
new leaves of GFP-silenced seedlings agroinoculated with PVX did not
contain obvious green ﬂuorescence but instead having a bright red
color typical of chlorophyll autoﬂuoresence (Fig. 2E). The result
indicates that the RSV NS3 can reverse the GFP silencing.
Role of RSV NS3 in blocking systemic RNA silencing
To determine whether and how RSV NS3 interferes with systemic
RNA silencing in plant, we co-inﬁltrated leaves of 16c transgenic N.
benthamiana plants with various constructs. The inﬁltrated plants
were then monitored under a hand-held UV lamp for systemic GFP
silencing. Our results show that by 20 dpi, systemic GFP silencing
occurred in approximately 30% of the plants inﬁltrated with 35S-GFP
and the empty vector, and 21% of the plants co-inﬁltrated with 35S-
GFP and 35S-NS3Δ (Table 1, treatments I and III). The percentage of
plants showing systemic GFP silencing for these two treatments
increased to about 70% by 30 dpi. Interestingly, less than 10% of the
plants co-inﬁltrated with 35S-GFP and 35S-NS3, developed systemic
GFP silencing by 30 dpi and the remaining plants (about 86%)
continued to show strong green GFP ﬂuorescence in their upper young
leaves even at 40 dpi (Table 1, treatment II), indicating that the RSV
NS3 can prevent the spread of GFP gene silencing in the inﬁltrated
transgenic N. benthamiana. We then continued to characterize how
RSV NS3 suppresses systemic RNA silencing in plant using an assay
described previously by Guo and Ding (2002). In the ﬁrst experiment,
the basal (B) part of a 16c plant leaf was inﬁltrated with an Agrobac-
terium carrying 35S-NS3 and the tip (T) part of the same leafenthamiana plants were agroinﬁltrated with 35S-GFP (GFP) and 35S-NS3 (NS3). The
e plant as shown in panel A. The agroinﬁltrated plants were examined for systemic GFP
Agroinﬁltrationwas done at the base (B) and tip (T) part of the same leaf or at the lower
Fig. 4. Suppression of GFP silencing in N. benthamiana leaves by full length RSV NS3 and
its deletion mutants. (A) Diagram of expression vectors used in this experiment. NS3-
101b, a deletion mutant contains 111 amino acids of the NS3 (aa 101 to 212 and a start
codon). NS3-153a, a deletion mutant contains 153 amino acids (aa 1 to 153 and a stop
codon). NS3-154b, a deletion mutant contains 58 amino acids (aa 154 to 211 and a start
codon). NS3-180, a deletion mutant contains 180 amino acids (aa 1 to 180 and a stop
codon). NS3/3A, a mutant with its three basic amino acids 173KKR175 substituted with
AAA. All plasmids have a 35S promoter (arrow) and a terminator (solid black dot).
Leaves of transgenic 16c N. benthamiana plants were co-agroinﬁltrated with 35S-GFP
and 35S-NS3 or 35S-GFP and one of the deletion mutants (B, C). The leaves were
examined under a hand-held UV light and photographed with a Nikon 5000 digital
camera at 6 days post-inﬁltration (dpi). (D) Northern blot assays of GFP mRNA
extracted from the co-agroinﬁltrated leaves at 3, 4 and 6 dpi. Lane N represents non-
transgenic N. benthamiana leaves. Lane 1 was from the leaves co-agroinﬁltrated with
35S-GFP and pBin438. Lane 2 was from the leaves co-agroinﬁltrated with 35S-GFP and
35S-NS3. Lane 3 was from the leaves co-agroinﬁltrated with 35S-GFP and 35S-NS3/3A.
Loadings of individual RNA samples were estimated by ethidium bromide staining. (E)
Western blot analysis of NS3 protein accumulation in the co-agroinﬁltrated leaves.
Equal amounts of protein (50 μg) extracted from the patches were separated by SDS-
PAGE and NS3 was detected with anti-NS3 antibodies. Lanes 1, 2 3 are described above.
M is protein marker.
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dpi, systemic GFP silencing was observed only in one of the 16 plants
inﬁltrated (Fig. 3B; Table 1, treatment VI). In the same experiment,
systemic GFP silencing was observed by 20 dpi in most of the plants
after their leaves were agroinﬁltrated with the 35S-NS3 and 35S-GFP
at the opposite direction (Fig. 3B; Table 1, treatment VII). To exclude
the possible position effect, the basal (B) part of a 16c plant leaf was
inﬁltrated with an Agrobacterium carrying empty vector and the tip
(T) part of the same leaf inﬁltrated with an Agrobacterium carrying
35S-GFP. By 30 dpi, systemic GFP silencing was observed in all the 10
inﬁltrated plants (Table 1, treatment VIII). In the second experiment,
an Agrobacterium carrying 35S-GFP was inﬁltrated into the lower (L)
leaves of 16c plants while the second Agrobacterium carrying 35S-NS3
was inﬁltrated into the upper young (U) leaves of the same plants
(Fig. 3A). By 40 dpi, none of the inﬁltrated plants in this group showed
systemic GFP silencing (Fig. 3B; Table 1, treatment IX). In contrast,
systemic GFP silencing was observed in 7 out of 8 plants at 20 dpi with
the same two Agrobacterium cultures but at an opposite direction
(Fig. 3B; Table 1, treatment X). When an Agrobacterium carrying 35S-
GFP was inﬁltrated into the lower (L) leaves of 16c plants while the
second Agrobacterium carrying empty vector was inﬁltrated into the
upper young (U) leaves of the same plants, systemic GFP silencingwas
observed in 12 out of 13 plants at 40 dpi (Table 1, treatment XI). The
results indicate that NS3 can block systemic RNA silencing.
Mutational analysis of NS3 protein
To determine which region(s) within the NS3 protein is respon-
sible for the suppression of RNA silencing, we constructed several NS3
mutant constructs (i.e. 35S-NS3-153a, 35S-NS3-154b, 35S-NS3-101
and 35S-NS3-180, Fig. 4A). Co-inﬁltration of individual mutant
construct with 35S-GFP into 16c transgenic N. benthamiana leaves
failed to show suppression of GFP silencing in inﬁltrated leaves (Fig.
4B), indicating that both N and C terminal of the NS3 protein are
critical for silencing suppression.
Analysis of NS3 protein with an online prediction software (http://
psort.nibb.ac.jp) has indicated that the NS3 protein contains a nuclear
localization signal (NLS), which consists of four amino acids 173KKRH176.
To determine whether this NLS plays a role in suppression of gene
silencing, we constructed 35S-NS3/3A, a mutant NS3with its three basic
amino acids 173KKR175 replacedwith AAA. Although transient expression
of thismutant construct togetherwith35S-GFP resulted in suppressionof
GFP silencing in the agroinﬁltrated leaves, but green ﬂuorescence was
signiﬁcantlyweaker than in leaves agroinﬁltratedwith 35S-GFP and 35S-
NS3 (Fig. 4C). Decreased GFP mRNA transcript levels were also observed
in leaves co-inﬁltratedwith theAgrobacterium carrying35S-GFPand35S-
NS3/3A when compared with those co-inﬁltrated with the Agrobacter-
ium carrying 35S-GFP and 35S-NS3 (Fig. 4D), although both the
constructs expressed the protein at similar levels upon agroinﬁltration
(Fig. 4E). To test if NS3/3Amutant is active in blocking systemic silencing,
GFP transgenic plants (16c) were inﬁltrated with the Agrobacterium
carrying 35S-GFP together with 35S-NS3/3A or 35S-NS3. Only about 14%
of the plants that were inﬁltrated with 35S-GFP and 35S-NS3 protein
developed GFP silencing at 40 dpi (Table 1, treatment II), on the other
hand, 75% of the plants inﬁltrated with 35S-GFP and 35S-NS3/3A
developed GFP silencing (Table 1, treatment V). Taken together, these
results suggest that NS3/3A cannot suppress the local GFP silencing as
efﬁciently as NS3 and cannot block systemic silencing.
NS3 protein targets nucleus of plant cells
To determine localization of NS3 protein in plant cells, full length
NS3 coding sequence and themutant NS3/3A sequencewere fused in-
frame to the 5′ end of the GFP gene. The resulting constructs and a
construct expressing a free GFP were individually cloned behind a 35S
promoter to create pCHF-NS3:GFP, pCHF-NS3/3A:GFP and pCHF3-GFP. After pCHF3-GFP was introduced into onion epidermal cells
through particle bombardment, green GFP ﬂuorescence was seen
throughout the cytoplasm and in the nucleus of the bombarded onion
cells by confocal microscopy (Fig. 5A). In most cells (over 90%)
bombarded with pCHF-NS3:GFP, however, a substantial amount of
NS3:GFP proteinwas seen in the nucleus (Fig. 5A). In onion epidermal
cells bombarded with pCHF3-NS3/3A:GFP, the NS3/3A:GFP protein
was observed mainly in the cytoplasm (Fig. 5A). Similar results were
obtained when N. benthamiana leaves inﬁltrated with the Agrobac-
terium carrying pCHF3-GFP, pCHF3-NS3:GFP, or pCHF3-NS3/3A:GFP
were examined by confocal microscopy at 2 dpi (Fig. 5B). These results
indicate that NS3 protein targets the nucleus of plant cells and the
putative NLS that consisted of four amino acids 173KKRH176 is a
functional NLS.
To determine if NS3 protein expressed during RSV infection targets
nucleus of infected rice cell, we analyzed tissue sections from RSV
infected rice leaves by immunocytochemistry and electron microscopy.
In RSV infected sections probed with an antibody speciﬁc for NS3
followed by a gold conjugate, the gold particles were found primarily
Fig. 5. Cellular and subcellular localization of RSV NS3 protein. Cellular localization of NS3:GFP and NS3/3A:GFP fusion proteins in onion (A) and in tobacco leaf epidermal cells (B)
were done through transient expression and confocal microscopy at 24 h post bombardment or agroinﬁltration. White arrows indicate accumulation of NS3:GFP fusion or GFP in the
nucleus. Subcellular localization of NS3 protein in RSV infected rice leaf cells was investigated by immunocytochemistry and electron microscopy using a NS3 speciﬁc antibody
followed by an immunogold (10 nm) conjugate (C, D). The gold particles can be seen mainly in the nucleus (N) and in electron-dense amorphous inclusion bodies (AIB) in the
infected rice cells. Bottom right in C shows lower magniﬁcation photograph in which the nucleus is visible.
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in the nucleuswas, however, not seen in sections from infected plants
and probedwith a preimmune serum and in sections from uninfected
rice plants and probed with the NS3 speciﬁc antibody (data not
shown). Interestingly in infected sections probed with the NS3
antibody, a substantial amount of gold particleswere also in electron-
dense amorphous inclusion bodies (AIB) in infected cells, but not in
other organelles of the same cell (Fig. 5D). Our results provide clear
evidence that NS3 protein can target nucleus of plant cell, and the AIB
in RSV infected cells are likely to be the placewhere the NS3 protein is
made.
NS3 binds siRNA and long ssRNA but not long dsRNA
To determine if NS3 can bind short and long RNA molecules, we
conducted several gel mobility shift assays. The RSV NS3 fusion
protein was expressed in Escherichia coli and puriﬁed through
chromatography (Fig. 6A). The puriﬁed NS3 protein was incubated
with long ss or dsRNA as described previously. Our results show that
the NS3 can bind long ssRNAs and form complexes. It is unable,however, to interact with long dsRNAs to form complexes (Fig. 6B). In
addition, when puriﬁed NS3 (1 μg–7.5 μg) was incubated with the
synthetic 21 nt siRNA duplex or single-stranded 21 nt siRNA,
complexes with slower migrating characters were formed efﬁciently,
demonstrating the binding ability of this protein with both siRNA
duplex and ss-siRNA (Fig. 6C).
RSV NS3 is a pathogenicity determinant in the PVX heterogenous system
but does not induce symptoms in stably expressed plants
The biological role of NS3 in RSV infection cannot be investigated
directly because infectious RSV cDNA clones are not yet available to
allow reverse genetics studies of gene functions, so we tested the
biological function of NS3 in PVX system. Seedlings of N. benthamiana
plants (four-leaf stage) were inﬁltrated with PVX and PVX-NS3,
respectively. All inoculated leaves were asymptomatic. However,
symptoms were visible in systemically infected leaves as early as 5
dpi. Generally, PVX-NS3 caused more severe symptoms than PVX. At 9
dpi, chlorotic and necrotic mottling was observed in systemically
infected leaves of all the 25 tested plants agroinoculated with PVX-
Fig. 6. Binding activities of RSV NS3 with long and short RNAs. Western blot analysis of crude and puriﬁed recombinant NS3 protein is shown in panel A. The recombinant proteinwas
separated from other proteins in gels under the native conditions and detected using anti-His tag mouse monoclonal antibody. In panel B, the puriﬁed NS3 protein at different
concentrations (0–2 mg) was incubated with [α-32P]UTP labelled long-dsRNA (left) or long-ssRNA (right), and the binding activities were determined through the electrophoretic
mobility shift assay. Binding between the NS3 protein (0–7.5 μg) and [γ-32P]ATP labelled synthetic 21 nt siRNA duplex (left) or 21 nt ss siRNA (right) was determined as described
above and presented in panel C. After electrophoresis, the polyacrylamide gels were dried and then exposed for autoradiography.
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symptoms caused by PVX developed initially as veinal chlorosis
between 6 and 9 dpi and subsequently as mild chlorotic spots (Fig.
7A). To verify that the more severe symptoms in the presence of NS3
indeed resulted from suppression of virus-induced gene silencing,
RNA gel blot was employed to examine the steady-state levels of PVX
RNA from 3 to 15 dpi. The concentration of PVX RNAwas accumulated
to a higher level in plants infected with PVX-NS3 than that in plants
infected with PVX from 3 to 15 dpi (Fig. 7B). Real time RT-PCR also
conﬁrmed that PVX RNA accumulated to a higher level in plants
infected with PVX-NS3 than that in plants infected with PVX (Fig. 7C).
To determine whether NS3 protein is a determinant of RSV
pathogenicity in plants, we prepared stable transgenic N. benthamiana
and N. tabacum and rice plants expressing the NS3 protein (Fig. 7D).
Ten R0 transgenic N. benthamiana, 10 R0 transgenic N. tabacum and 18
R0 transgenic rice plants, as conﬁrmed by Northern blot assay (Fig. 7E
and data not shown), were grown inside a greenhouse and observed
for their growth and morphology till their maturity. Under our
greenhouse conditions, all R0 transgenic plants grew normally and did
not display any apparent morphological alterations (Fig. 7D). Western
blot analysis of NS3 protein accumulation in the selective transgenic
plants conﬁrmed that NS3 protein was expressed in these transgenic
plants (Fig. 7F).
Discussion
Numerous reports have shown that RNA silencing can prevent
virus accumulation in an infected plant. Accordingly, to counteract this
plant antiviral defense mechanism, viruses (both RNA and DNA
viruses) have evolved various strategies to counteract this action,including the abilities to encode suppressors of RNAi (Baulcombe,
2004; Voinnet, 2005; Scholthof, 2007). Silencing suppressors encoded
by viruses belonging to different virus genus may evolve indepen-
dently because these suppressors are structurally diverse and do not
share common sequence motifs. In this study we analyzed six RSV-
encoded proteins using GFP transgenic N. benthamiana and Agrobac-
terium inﬁltration assays. Our results demonstrate that RSV NS3 but
not the other ﬁve viral proteins can suppress RNA silencing efﬁciently
in plant cells. This ﬁnding is also supported by co-inﬁltration of non-
transgenic N. benthamiana with different combinations of RNA
silencing and suppression constructs. Because an early termination
mutant of NS3 (i.e. 35S-NS3Δ) did not suppress RNA silencing during
our co-inﬁltration assays, the suppression activity of NS3 is clearly
controlled by the NS3 protein but not its RNA.
In a previous report, the RNA silencing process was considered to
have three separate stages, including silencing initiation, local and
systemic spread of silencing signal, and maintenance of silencing
(Voinnet et al., 1998). Voinnet et al. (2000) studied virus-induced
gene silencing in plant and proposed that the silencing signal may
move together with or ahead of a virus into cells to establish silencing
against the newly arrived virus in a sequence speciﬁc manner.
Numerous studies have been conducted in recent years to identify
the molecular nature of silencing signal. Hamilton et al. (2002)
reported that several virus-encoded suppressors could prevent
accumulation of 24-nucleotide siRNA in cells undergoing RNA
silencing and, consequently, gene silencing in systemic tissue. They
suggested that the 24-nucleotide siRNAs may act as the signal for
systemic RNA silencing in plant. Himber et al. (2003) reported that the
21-nucleotide siRNA could move between plant cells and cause local
RNA silencing. Baulcombe (2004) indicates that the mobility of a
Fig. 7. Analysis of pathogenicity of RSV NS3. (A) RSV NS3 enhances pathogenicity of chimeric PXV inN. benthamiana plants. Image 1 shows a mock-infected plant. Plants infected with
PVX (image 2) show mild disease symptoms as a few scattered chlorotic stripes, whereas plants infected with PVX-NS3 show extensive necrotic leaves (image 3). (B) RNA gel blot
analysis of accumulation of PVX RNA at 3, 6, 9, 12 and 15 days post-inﬁltration (dpi) using a radiolabelled PVX CP sequence probe. Equal loading of total RNA was veriﬁed by
spectrometric measurement and ethidium bromide staining of 28S RNA as indicated at the bottom of the panel. (C) The relative PVX RNA accumulation levels at 3, 6, 9, 12 and 15 dpi
determined by real-time PCR method. (D) Phenotypes of transgenic N. benthamiana (1), N. tabacum or rice plants (1) expressing RSV NS3. No virus-like symptoms were seen on
these plants till their maturity. (E) The presence of NS3 mRNA in transgenic rice plants determined through Northern blot assays using a NS3 speciﬁc radioactive probe. Lanes 1–3
represent total RNA extracted from three different transgenic plants. Lane 4 represents total RNA extracted from a non-transgenic rice plant. (F) Western blot analysis of NS3 protein
accumulation in the transgenic plants. Equal amounts of protein (50 μg) extracted from the leaveswere separated by SDS-PAGE andNS3was detectedwith anti-NS3 antibodies. Lanes
1, 2, 3, 4 represent protein extracted from non-transgenic, transgenic N. benthamiana, transgenic N. tabacum and transgenic rice plants, respectively. M is a protein marker.
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paper we have shown that leaf tissues co-inﬁltrated with 35S-GFP and
35S-NS3 contained signiﬁcant lower amounts of 21-nt and 24-nt
siRNAs. We have also presented evidence that RSV NS3 has the ability
to prevent the spread of silencing from tissues, in which silencing had
been induced by the siRNA triggers, to upper young developing leaves.
We speculate that the suppression of systemic gene silencing by NS3 is
due mainly to its ability to bind siRNA molecules and prevent these
molecules from spreading within the plant.NS3 can reverse GFP silencing in PVX-NS3 infected plants, but the
reversionwas only emerged from the growing points after the viruses
had spread systemically. The growing points do not normally exhibit
PTGS, even when there is extensive silencing in the rest of the plant
(Voinnet et al., 1998). Therefore, it is possible that the NS3 proteinmay
affect the cells in, or near to, the growing points of the plants to
prevent entry of the gene silencing signal to the cells emerging from
the growing points, which is similar to the function of CMV 2b
(Brigneti et al., 1998).
Table 2
Sequences and restriction sites of PCR primers
Primers Sequences (5′→3′) Modiﬁcation
Primers for constructing expression vectors
NS2-F TCGGATCCATGGCATTACTCCTTTTCAATG BamHI
NS2-R GCGTCGACTCACATTAGAATAGGACACTCA SalI
NSvc2-F GAGAATTCATGCATTTTAAATCATATTTC EcoRI
NSvc2-R TGGTCGACTTAATCAACCTGTCTGATGTC SalI
NS3-F TCGGATCCATGAACGTGTTCACATCGTC BamHI
NS3-R CAGTCGACCTACAGCACAGCTGGAGAG SalI
CP-F GAGGATCCATGGGTACCAACAAGCCAG BamHI
CP-R TCGTCGACCTAGTCATCTGCACCTTCTG SalI
SP-F TGGGATCCATGCAAGACGTACAAAGGAC BamHI
SP-R CTGTCGACCTATGTTTTATGAAGAAGAGGT SalI
NSvc4-F GCGGATCCATGGCTTTGTCTCGACTTTT BamHI
NSvc4-R ACGTCGACCTACATGATGACAGAAACTTC SalI
NS3Δ-F TCGGATCCATGTAGGTGTTCACATCGTC BamHI
NS3-153aR CAGTCGACCTAGTCAGATATTGGCACAAT SalI
NS3-154bF TCGGATCCATGCATGATGGAAAGCCTGTC BamHI
NS3-180R GTCGACCTAAATGACATACTTATGCC SalI
NS3-101F GGATCCATGTCATCCTCATATGTGAAGTTC BamHI
NS3/3A-F GCGGCAGCGCATAAGTATGTCATTTC
NS3/3A-R CTTATGCGCTGCCGCACTAGGTGATCTATATAG
GFP169-Sal-F GTCGACTGGCCAACACTTGTCACTAC SalI
GFP-Sal-F GCGTCGACATGAGTAAAGGAGAAGA SalI
GFP-Bam-R GGATCCTTATTTGTATAGTTCAT BamHI
Primers for constructing NS3-GFP fusion clones
NS3-Kpn-F CTGGTACCATGAACGTGTTCACATCG KpnI
NS3-Bam-R CAGGATCCCAGCACAGCTGGAGAGCTG BamHI
GFP-Bam-F GCGGATCCATGAGTAAAGGAGAAGA BamHI
GFP-Pst-R CCCTGCAGTTATTTGTATAGTTCAT PstI
Primers for producing in vitro transcription templates
GFP-T7-F TAATACGACTCACTATAGGGATGAGTAAAGGAGAAGAAC T7 promoter
GFP-F ATGAGTAAAGGAGAAGA
GFP-T7-R TAATACGACTCACTATAGGGCGGGCATGGCACTCTTG T7 promoter
PVX-Part-F GTTCGACAGAGAGATCCACTC
PVX-Part-R AAGCTTCCCAGACCTCTTGTG
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host RNA silencing response by sequestering two different dsRNA
components (i.e. long dsRNAs and ds-siRNAs) generated during the
silencing process. Long dsRNA-binding proteins encoded by viruses
were thought to compete with host DCLs to reduce or delay the
accumulation of ds-siRNAs. In our study, RSV NS3 showed strong
suppression of local GFP silencing induced by 35S-dsGFP. Further
analysis of this suppressor has indicated that NS3 did reduce, but not
eliminate, siRNA levels in local silencing tissues (Fig. 1B), suggesting
that the NS3 protein may have an ability to bind siRNA molecules in
vivo. Our electrophoretic mobility shift assays conﬁrmed that, in vitro,
NS3 can indeed bind 21-nt siRNA duplex and ss-siRNAs. Interestingly,
our in vitro binding assays also revealed that NS3 could bind 21-nt GFP
siRNA duplex but not GFP long dsRNAs. Several other viral suppressors
including p21 of beet western yellow virus (Mallory et al., 2002), p19
of TBSV and CymRSV (Lakatos et al., 2004; Dunoyer et al., 2004) have
also been reported to bind and inactivate siRNAs. Our results indicate
that, like the p19 and p21 (Merai et al., 2006), RSV NS3 is likely to have
a size-selective binding activity and interferes with silencing through
sequestering siRNA duplexes, preventing formation of silencing
trigger molecules and, as a result, blocking further spread of silencing
signals.
Liang et al. (2005) showed that the NS3 protein of RSV could bind
both long ssRNAs and dsDNAs, due to the presence of a basic arginine-
rich domain located at the amino terminus of the protein. We showed
in this paper that the NS3-siRNA complexes migrated slower in gels
than the NS3-ssRNA complexes (Fig. 6). It is possible that in this assay,
two molecules of NS3 bond with one siRNA duplex to form a complex.
Our results also show that the binding between NS3 and siRNA
duplexes was relatively weaker than that seen between the NS3 and
ss-siRNAs. Similar results were also obtained when comparing the
NS3-long ssRNAs complexes with the NS3-long dsRNAs complexes.
The reason(s) causing these differences is(are) not clear and require
further studies. The NS3 of RHBV had a high afﬁnity for 21-nt siRNAs
and was proposed to act by sequestering siRNAs (Bucher et al., 2003;
Hemmes et al., 2007; Schnettler et al., 2008). It is possible that the NS3
proteins of other tenuiviruses can also suppress RNA silencing in plant.
Our localization studies clearly showed that RSV NS3 protein could
target nuclei of tobacco and onion cells. Further analysis using ultra-
thin sections prepared from RSV-infected rice leaf tissues and
immunocytochemistry and electron microscopy conﬁrmed the
above observations. A mutation created within the putative NLS
173KKR175 of the NS3 protein abolished its ability to target nuclei of
these cells. Although the mutation in NLS of NS3 didn't block its local
silencing suppression, its silencing suppression ability was much
weaker than NS3, furthermore, it cannot block systemic silencing.
These results suggest that nuclear targeting of NS3 is important for its
silencing function.
Many viral proteins that were originally identiﬁed as determinants
of pathogenicity in planta, including the HC-Pro of potyviruses and
βC1 of tomato yellow leaf curl China virus, have recently been
identiﬁed as suppressors of RNA silencing (Brigneti et al., 1998; Cui et
al., 2004, 2005; Shiboleth et al., 2007). In our study, although NS3 was
proven to be a pathogenicity determinant in the PVX heterogenous
system, over-expressing of NS3 in transgenic N. benthamiana and N.
tabacum and rice plants didn't cause changes of plant development
and morphology, when compared with the plants transformed with a
mutant NS3 (i.e. NS3Δ) or an empty vector, indicating that NS3 does
not appear to interferewith themiRNA pathway. Indeed Dunoyer et al.
(2004) found that only three of the ﬁve silencing suppressors tested
exerted a signiﬁcant effect on miRNA accumulation or miRNA-guided
functions, although all of them inhibited RNAi. So it is possible that not
all viral proteins that suppress PTGS in plant act as disease symptom
determinants by itself. A recently report (Diaz-Pendon et al., 2007)
indicated that CMV 2b protein expressed in Arabidopsis plants
suppressed the accumulation of three virus-derived siRNAs (i.e. 21-,22- and 24 nt siRNAs) in cells, and was required for the establishment
of virus infection in Arabidopsis plants, however, it was dispensable in
eliciting disease symptoms in infected plants. CMV 2b was also
reported to enhance the accumulation and symptoms of PVX when it
is expressed from PVX vector (Brigneti et al., 1998). The severe
symptoms induced by PVX expression vectors could be resulted from
their ability to suppress PTGS which resulted in more replication of
PVX in infected plants. Indeed, Northern blot analysis and real-time
RT-PCR showed that PVX RNA accumulated to a higher level in plants
infected with PVX-NS3 than that in plants infected with PVX.
Materials and methods
Suppression of RNA silencing
Assay of RNA silencing suppression was conducted mainly as
previously described (Bucher et al., 2003; Voinnet et al., 2003). Brieﬂy,
lower leaves of transgenic N. benthamiana plants expressing green
ﬂuorescent protein (GFP, line 16c) were inﬁltrated with an Agrobac-
terium tumefaciens harboring a binary Ti plasmid carrying a full length
GFP insert (35S-GFP, provided by Dr. D. C. Baulcombe, John Innes
Center, United Kingdom). Local and systemic RNA silencing in
agroinﬁltrated plants was determined through examination of GFP
expression in both inﬁltrated and upper young developing leaves
under a hand-held 100-W, long-wave UV lamp (UV Products, Upland,
CA, USA) and a confocal microscope.
To determine whether RSV encoded proteins can suppress RNA
silencing, six RSV ORFs (i.e. NS2, NSvc2, NS3, CP, NSvc4 and SP) were
ampliﬁed individually from total RNA extracted from RSV infected rice
plants through reverse transcription-PCR (RT-PCR) using speciﬁc
primers (i.e. NS2-F/NS2-R, NSvc2-F/NSvc2-R, NS3-F/NS3-R, CP-F/CP-
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resulting RT-PCR products were cloned individually into pGEM-T
vector (Promega, Madison, WI, USA) to produce pGEM-NS2, pGEM-
NSvc2, pGEM-NS3, pGEM-CP, pGEM-SP and pGEM-NSvc4. pGEM-
NS3/3A, a mutant NS3 in which three basic amino acids 173KKR175
were replaced with AAA, was constructed by inserting an overlap
extension PCR product ampliﬁed with primers NS3-F/NS3/3A-R, and
NS3/3A-F/NS3-R. The resulting constructs were all digested with
BamHI and SalI enzymes and inserted between the 35S promoter and
the nopaline synthase terminator in the binary vector pBin438 (Cui et
al., 2005) to generate constructs 35S-NS2, 35S-NSvc2, 35S-NS3, 35S-
CP, 35S-SP, 35S-NSvc4 and 35S-NS3/3A, respectively. 35S-NS3Δ, an
untranslatablemutant of NS3, wasmade by replacing its second codon
AAC with TAG using PCR and primers NS3Δ-F/NS3-R. To determine
which region(s) within the NS3 is responsible for suppression of RNA
silencing, we constructed several NS3 mutant constructs, 35S-NS3-
153a, 35S-NS3-154b, 35S-NS3-180, and 35S-NS3-101 encoding 153
amino acids (amino acid position 1 to 153), 58 amino acids (position
154 to 211), 180 amino acids (position 1 to 180) and 110 amino acids
(position 101 to 211) of NS3, respectively, using primers NS3-F/NS3-
153aR, NS3-154bF/NS3-R, NS3-F/NS3-180R, and NS3-101F/NS3-R
(Table 2). The resulting constructs were then inserted individually
into the pBin438 vector as described above.
Plasmids containing tobacco etch virus HC-Pro gene (35S-HC-Pro,
fromDr. J. C. Carrington, Oregon State University, USA) and Cymbidium
ringspot virus p19 gene (35S-p19) (Lakatos et al., 2004) were used as
controls in various experiments. An inverted repeat sequence of GFP
ampliﬁed from 35S-GFP with primers GFP169-Sal-F/GFP-Bam-R, and
GFP-Sal-F/GFP-Pst-R (Table 2) was introduced into the binary vector
pCHF3 (Cai et al., 2007) to produce 35S-dsGFP. All constructs were
electroporated into A. tumefaciens strain C58C1 with a Gene Pulser II
system as instructed (Bio-Rad, Hercules, CA, USA).
For co-inﬁltration assays, A. tumefaciens containing various
plasmids were grown individually to OD value of 0.6 to 0.8 at an
optical density of 600 nm. The resulting cultures were pelleted and
then resuspended in an inﬁltration medium containing 10 mMMgCl2,
10 mM MES (pH 5.6) and 100 μM acetosyringone. Individual A.
tumefaciens culture (OD600=1.0) was mixed with an equal volume of
A. tumefaciens harboring 35S-GFP. In some cases individual A.
tumefaciens culture was mixed with a mixture of A. tumefaciens
containing both 35S-GFP and 35S-dsGFP prior to the co-inﬁltration.
During the inﬁltration, the ﬁrst 2 leaves of two-week-old 16c
transgenic or non-transgenic N. benthamiana were inﬁltrated with A.
tumefaciens using 1–3 mL needleless syringes. Silencing of GFP
expression in the inﬁltrated and systemic young leaves was
determined through observations under a hand-held UV lamp as
described above. Plants were photographed using a Nikon 5000 digital
camera (Nikon, Tokyo, Japan)with a Y48 yellow ﬁlter or imaged under
a Leica TCS SP5 confocal microscope (Leica Microsystems, Mannheim,
Germany). All obtained images were processed using the Adobe
Photoshop.
To determine whether NS3 can reverse the RNA silencing, full
length NS3 sequence was inserted into the ClaI/SalI site in the PVX
vector pGR107, which was provided kindly by Dr. D. C. Baulcombe, to
produce PVX-NS3. PVX and PVX-NS3 were individually introduced
into Agrobacterium strain GV3101 through the electroporation
procedure as described above. Agrobacterium cultures at approxi-
mately OD600=1.0 were inﬁltrated into leaves of the GFP-silenced 16c
seedlings using 1-mL needleless syringes. Reversion of GFP ﬂuores-
cence in whole plants was observed and photographed as described
above.
RNA isolation and analysis
Total RNA was isolated from N. benthamiana leaf tissues using
TRIzol reagent as instructed (Invitrogen, Carlsbad, CA, USA). High-molecular-mass RNAs (20 μg) from agroinﬁltrated tissues were
separated in a 1% denaturing agarose gel and transferred to
Hybond-N+ membranes (Amersham Pharmacia, Piscataway, NJ,
USA) for Northern blot analysis as previously described (Silhavy et
al., 2002). Membranes were hybridized with [α-32P]dCTP-labelled
full-length GFP probe synthesized using the primer-a-gene labelling
kit (Promega). Hybridization was performed overnight at 55 °C.
Hybridization signals were detected using a Typhoon 9200 imager as
described (Amersham Pharmacia).
Enrichment and detection of low-molecular-mass RNAs were
performed as described previously (Dalmay et al., 2000). Low-
molecular-mass RNAs (15 μg) were separated in a 15% polyacrylamide
gel containing 7 M urea, and transferred to Hybond-N+ membranes.
Loading of siRNAs in gels was estimated through staining with SYBR®
Gold (Invitrogen). The membranes were prehybridized in a solution
containing 15% formamide, 7% SDS, 0.5 M NaH2PO4, 1% BSA and
1 mM EDTA (pH7.2). Five synthetic 40 nucleotide GFP segments
(5′-GTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAG-3′,
5′-GATACCCAGATCATATGAAACAGCATGACTTTTTCAAGAG-3′ ,
5 ′ -GACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTT-
3′, 5′-GGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAG-3′
and 5′-GAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATG-3′)
were end-labelled with [γ-32P] ATP in 50 μL reactions containing
1 μM DNA oligo and 7 U T4 polynucleotide kinase and used as probes
for siRNA hybridization. Hybridization was performed overnight at
40 °C and the membrane was subsequently washed three times
(10 min each) at 40 °C with 1×SSC (0.15 M NaCl and 0.015 M sodium
citrate) supplemented with 0.1% SDS. Hybridization signals were
detected as described above for the high-molecular-mass RNAs.
Western blot analysis
Inﬁltrated leaf tissues (100 mg) were excised and homogenized
in 200 μL extraction buffer containing 50 mM Tris–HCl (pH 6.8),
9 M urea, 4.5% SDS and 7.5% β-mercaptoethanol. The crude extracts
were centrifuged at 12,000 g for 15 min. The supernatant was
precipitated with 2 volume of acetone followed by 5 min centrifu-
gation at 12,000 g. The resulting pellets were resuspended in water.
Proteins were separated by electrophoresis in 12.5% SDS-PAGE,
transferred to nitrocellulose membranes, and probed with a rabbit
anti-GFP monoclonal antibody (Epitomics, Burlingame, CA, USA) or
anti-NS3 polyclonal antibody. The secondary antibody was a goat
anti-rabbit IgG conjugated with alkaline phosphatase (Sigma, St.
Louis, MO, USA) and used at 1:8000 (v/v) dilution. Detection was
visualized by incubating the membranes in NBT-BCIP solution
(Promega).
Localization of NS3 protein in tobacco and onion cells
To determine the localization of NS3 in cells, we ampliﬁed the GFP
gene through PCR using primers GFP-Bam-F/GFP-Pst-R (Table 2), and
then inserted it into the pCHF3 vector to produce pCHF3-GFP. We then
ampliﬁed the NS3 and NS3/3A genes from the pGEM-NS3 and pGEM-
NS3/3A using primers NS3-Kpn-F/NS3-Bam-R. After digestion with
KpnI and BamHI restriction enzymes, the PCR products were cloned
into the KpnI/BamHI site within the pCHF3-GFP construct to produce
pCHF3-NS3:GFP and pCHF3-NS3/3A:GFP. These three constructs were
then introduced individually into A. tumefaciens strain EHA105. Leaves
of 3-week-old N. benthamiana plants were inﬁltrated with A.
tumefaciens harboring each of the three constructs and examined for
green GFP ﬂuorescence under a Leica TCS SP5 confocal microscope set
at 488 nm at 2 dpi.
To determine localization of NS3:GFP in onion leaf cells, monolayer
of epidermal cells were separated from the inner peel of purple onion
(Allium cepa) bulbs and placed on a modiﬁed Murashige and Skoog
(MS) medium containing 1×MS salts, 3% sucrose, and 2% agar
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pressure helium-based apparatus (Bio-Rad) with 1 mg of 1 μm gold
particles pre-coated with 5 μg of each plasmid. The bombarded cells
were examined for green GFP ﬂuorescence under a confocal micro-
scope at 24 h post bombardment.
Immunocytochemistry and electron microscopy
To determine subcellular localization of NS3 protein in RSV
infected rice cells, we sampled leaf tissues from RSV infected or
mock inoculated rice cv. Wuyujing 3 (a sensitive host for RSV) plants
at 30 dpi. The sampled tissues were vacuumized and ﬁxed overnight
in a 50 mM phosphate-buffered saline (PBS, pH 6.8) containing 1% (v/
v) glutaraldehyde and 2% (v/v) paraformaldehyde at 4 °C. The ﬁxed
tissues were rinsed 2 times (15 min each) with 100 mM PBS at room
temperature (RT). The tissues were dehydrated in graded ethanol
solutions and embedded in Lowicryl K4M resin (Electron Microscopy
Sciences, Fort Washington, PA, USA). Ultrathin sections (70 nm) were
cut from the embedded tissue blocks and mounted onto nickel grids.
After 30 min incubation in a blocking buffer [BL, 50 mM PBS (pH 6.8)
containing 1% bovine serum albumin (BSA) and 0.02% polyethylene
glycol 20000, 100 mMNaCl and 0.1% NaN3], the grids were transferred
onto drops of a polyclonal antibody solution speciﬁc for the NS3
protein for about 1 h at RT. The grids were washed with several
changes of PBS and then incubated for 1 h in a Protein A-gold
conjugate (Sigma) diluted in the BL buffer followed by several washes
in PBS and then double-distilled H2O before staining with uranyl
acetate and lead citrate. The sections were examined under an
electron microscope (JEM-1200EX; JEOL, Japan). Sections probed with
preimmune serum and Protein A-gold conjugate were used as
negative controls.
Expression of RSV NS3 and electrophoretic mobility shift assays
For expression of RSV NS3 protein in E. coli, the NS3 gene was
released from the pGEM-NS3 and inserted into the pET-32a as
instructed (Novagen, Madison, WI, USA) to produce pET-NS3. Protein
expression was induced by adding isopropyl-β-D-thiogalactopyrano-
side (IPTG, Sigma) to the bacterial cultures followed by an incubation
at 28 °C for 4 h. The expressed NS3 protein fusing with a His tag was
puriﬁed with Ni2+-nitrilotriacetic acid afﬁnity chromatography under
the native conditions as instructed (Qiagen, Hilden, Germany). The
size of the puriﬁed NS3 fusion protein was determined by electro-
phoresis in 12.5% SDS-PAGE gels. Concentration of puriﬁed NS3 fusion
protein was estimated by Bio-Rad Protein Assay as instructed (Bio-
Rad). Polyclonal antibody against the NS3 protein was raised in a
rabbit as described previously (Qi et al., 2002).
Long ds or ss GFP RNA (268 bp) was transcribed from PCR
fragments, ampliﬁed with primers GFP-T7-F/GFP-T7-R or GFP-F/GFP-
T7-R (Table 2), using T7 RNA polymerase in the presence of [α-32P]
UTP. The labelled dsRNA or ssRNAwas incubated with 0∼2 μg puriﬁed
NS3 protein in a 36 μL binding buffer containing 83 mM Tris–HCl, pH
7.5, 0.8 mM MgCl2, 66 mM KCl, 100 mM NaCl, 10 mM DTT and 5 U
RNasin at RT for 30 min. The reaction was stopped by adding dyes
(25% glycerol and 0.02% bromophenol blue). siRNAs used in this study
were siRNA duplex (5′-GCUGACCCUGAAGUUCAUCUU-3 and 5-GAU-
GAACUUCAGGGUCAGCUU-3′) and ss-siRNA (5-AACUACAAGACAC-
GUGCUGAA-3′). The siRNAs were end-labelled with [γ-32P]ATP in
50 μL reaction solutions containing 7 U of T4 polynucleotide kinase as
described previously (Lakatos et al., 2004). Formation of NS3/siRNA
complexes were tested by mixing 0∼7.5 μg puriﬁed NS3 protein with
0.04 μM labelled siRNA in a 36 μL reaction solution containing 50 mM
Tris–Cl (pH 7.5), 100 mM NaCl, 50 mM MgCl2, 50 mM KCl and 10 mM
DTT followed by 60 min incubation at RT. The NS3/RNA complexes
were then separated in 8% native polyacrylamide gels and exposed for
autoradiography with an intensifying screen.Transient expression and stable plant transformation
PVX was used for the transient expression assays (Jones et al.,
1999). Agrobacterium cultures at approximately OD600=1.0 contain-
ing PVX-NS3 or PVX were inﬁltrated into leaves of 4-leaf stage N.
benthamiana plants using 1-mL needleless syringes. By 5 to 20 days
post inoculation, the symptoms were observed and plants were
photographed with a Nikon 5000 digital camera.
For stable plant transformation, NS3 and NS3Δ sequences were
individually inserted between the 35S promoter and nopaline synthase
terminator in pCambia1301 vector (provided by Prof. Zejian Guo, China
Agricultural University, China) to generate pCambia-NS3 and pCambia-
NS3Δ. 35S-NS3, 35S-NS3Δ, pCambia-NS3 and pCambia-NS3Δ constructs
were introduced individually into A. tumefaciens strain EHA105 by
triparental mating. Agrobacteriummediated transformation of tobacco (N.
benthamiana andN. tabacum) leaf discs or rice cv. Wuyujing 3 callus were
conducted according to the published procedures (Horsch et al., 1985;Wu
et al., 2007). Regenerated transgenic plants (R0)were transplanted into soil
andobserved for their growthandmorphology till theirmaturityunder the
greenhouse conditions. Empty binary vectors (i.e. pBin438 and pCam-
bia1301) transformed plants were used as controls during this study.
For Northern blotting analysis, total RNA aliquots (10 μg) for each
sample (from PVX-infected N. benthamiana or transgenic O. sativa)
were separated on a 1% formaldehyde agarose gel and transferred to
Hybond-N membranes (Amersham Biosciences). The membranes
were hybridized with [α-32P]dCTP labelled probes corresponding to
the partial PVX sequence (nucleotides 3183 to 3457) ampliﬁed using
PVX-Part-F/PVX-Part-R and the full-length ORFs of RSV NS3. Real time
RT-PCR was carried out with a real-time PCR detection system (MJ
Research, Waltham, MA, USA) as described (Huang et al., 2009).
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